Corynebacterium diphtheriae is typically recognized as the a etiological agent of diphtheria, a toxaemic infection of the respiratory tract; however, both non-toxigenic and toxigenic strains are increasingly isolated from cases of invasive infections. The molecular mechanisms responsible for bacterial colonization and dissemination to host tissues remain only partially understood. In this report, we investigated the role of DIP2093, described as a putative adhesin of the serineaspartate repeat (Sdr) protein family in host-pathogen interactions of C. diphtheriae wild-type strain NCTC13129. Compared to the parental strain, a DIP2093 mutant RN generated in this study was attenuated in its ability to bind to type I collagen, to adhere to and invade epithelial cells, as well as to survive within macrophages. Furthermore, DIP2093 mutant strain RN had a less detrimental impact on the viability of Caenorhabditis elegans as well as in the clinical severity of arthritis in mice. In conclusion, DIP2093 functions as a microbial surface component recognizing adhesive matrix molecules, and may be included among the factors that contribute to the pathogenicity of C. diphtheriae strains, independently of toxin production.
INTRODUCTION
Corynebacterium diphtheriae is the a etiological agent of diphtheria, a localized toxaemic infection of the respiratory tract and skin. Although initially recognized as an extracellular pathogen, various non-toxigenic and toxigenic clones also have been associated with invasive infections such as sepsis, endocarditis, osteomyelitis and septic arthritis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Previous studies indicated a high variability of the pathogenicity islands of C. diphtheriae [14] and multiple virulence mechanisms have been described, including the production of potent exotoxin, biofilm formation [7] , both arthritogenic activity [6, 8, 13] , adherence to and invasion and survival within different types of human cells [5, 12, [15] [16] [17] [18] [19] [20] . However, the molecular mechanisms responsible for bacterial colonization and dissemination to host tissues remain only partially understood. The functions of the following virulence factors in respect to these processes have been investigated: haemagglutinin [21] , sialic acid and other surface molecules [22] , trans-sialidase [23] [24] [25] , hydrophobins [23, 26] , lipoarabinomannan [27] , pili [17, [28] [29] [30] [31] [32] , telluriteresistance protein (CDCE8392_0813) [33] and non-fimbrial surface protein DIP0733 [5, 18, 34] .
When the genome sequence of C. diphtheriae NCTC13129 was re-annotated and screened for putative new vaccine targets and virulence factors, DIP2093 was identified as a putative adhesin of the serine-aspartate repeat (Sdr) protein family similar to the widely studied Sdr proteins of Staphylococcus species characterized as microbial surface components recognizing adhesive matrix molecules (MSCRAMMs). Interestingly, the coding sequence of the putative adhesin DIP2093 was found to be located on a fimbrial-related pathogenicity island, which has not been detected among non-pathogenic Corynebacterium species [11, 14, [35] [36] [37] [38] [39] [40] [41] .
The aim of the present study was to investigate the role of the putative Sdr-type adhesin DIP2093 in respect the to virulence of C. diphtheriae, by analysing its effects on: (1) bacterial interaction with cellular matrix proteins and biofilm formation; (2) adherence to and intracellular survival within human epithelial cells and murine macrophages; (3) lethality of Caenorhabditis elegans nematodes; and (4) arthritogenic potential in a mouse infection model system.
METHODS
Analysis of the DIP2093 domain structure The DIP2093 amino acid sequence from C. diphtheriae NCTC13129 was used as a query to search the BLAST nonredundant database using BLASTp [37, 38, 42] . After alignment, amino acid sequences with E-values=0 and sequence identities between 50-100 % were selected. The phylogenetic tree was inferred using the neighbour-joining method and 1000 bootstrap replicates. Evolutionary analyses were conducted by MEGA7 [43] . A domain search was performed using NCBI's Conserved Domain Database [44] , and signal peptides were predicted by SignalP 4.1 [45] .
Bacterial strains and culture conditions
The micro-organisms used in this study are listed in Table 1 . C. diphtheriae strains were grown in heart infusion (HI) broth at 37 C and stored in HI medium with 20 % glycerol at À80
C [18] . Escherichia coli OP50 and DH5aMCR were grown in Luria-Bertani (LB) medium at 37 C [46] .
Molecular biology methods
For plasmid isolation, transformation and cloning, standard techniques were used [46] . For chromosomal disruption of the C. diphtheriae DIP2093 gene, a 519 bp internal DNA fragment was amplified via PCR. Chromosomal DNA of C. diphtheriae NCTC13129 was used as a template for the following primers: 5¢-CGCGCCCGGGCGCTGATCATCAATCCAATC-3¢, 5¢-CGCGCCCGGGGATCCTGTTTTACCGCGTGC-3¢. Using the XmaI restricted sites introduced via the PCR primers (underlined above), the DNA fragment was ligated to XmaIrestricted and dephosphorylated pK18mob plasmid DNA [47] . The resulting plasmid pK18mob-DIP2093¢ was amplified in E. coli DH5aMCR. Unmethylated plasmid isolated from the E. coli strain (1 µg) was used to transform C. diphtheriae NCTC13129 using the electroporation system GenePulser II (BioRad). Electroporated cells were added to 1 ml HI broth and incubated for 2 h at 37 C under shaking. An appropriate volume of culture was plated on medium containing 25 µg ml À1 kanamycin. As pK18mob cannot be replicated in C. diphtheriae, kanamycin-resistant C. diphtheriae carried the vector integrated by homologous recombination in the respective chromosomal genes, which were designated RN (NCTC13129DIP2093 :: pK18mobDIP2093¢). Gene disruption and transcription were analysed by Southern blot and RNA hybridization, respectively (Figs S1 and S2, available in the online Supplementary Material).
For complementation, the complete DIP2093 gene sequence was amplified via PCR (5¢-CGCGCCTGCAGGGCTTCT-CACCCCCAAAGG-3¢, 5¢-CGCGCCCGGGCTTATACCG-GA-GCGAG-ATCC-3¢), and the product was digested with the restriction enzymes SbfI and XmaI for 1.5 h at 37 C. The vector pXMJ19 [48] was digested with the same enzymes, dephosphorylated for 30 min at 37 C and the ligation of the insert and the pXMJ19 plasmid was carried out with T4 DNA ligase overnight at 22 C.
After transformation of E. coli DH5aMCR, positive clones were selected on LB medium containing 25 µg ml À1 chloramphenicol. The resulting plasmid pXMJ19-DIP2093 was isolated, sequenced for control and used to transform in C. diphtheriae strain RN as described above. Transformants were selected on HI agar containing 12.5 µg ml À1 chloramphenicol and 25 µg ml À1 kanamycin. Extracellular matrix (ECM) binding assays ECM protein-binding assays were performed based on a modified protocol described previously [7, 41] . Briefly, standard 96-well polystyrene microtitre plates were coated with collagen type I and collagen type IV (Sigma, Munich) dissolved in 50 µg ml À1 PBS. A total of 200 µl of the solution was added to each well. The plates were covered with plastic film and allowed to incubate at 4 C for 24 h. Coating solutions were gently removed after this time and the wells were rinsed twice with PBS. The density of the inoculum was adjusted to an OD 600 of 0.2 in HI medium, and 200 µl was inoculated in triplicate in to the coated wells. Noninoculated wells were used as a control containing sterile HI medium. Microtitre plates were incubated for 24 h at 37 C under static conditions to allow biofilm formation. For quantification of biofilms, after 24 h incubation, microbial solutions were discarded and the wells were washed three times with 200 µl PBS in order to remove unattached cells. Biofilms were heat-fixed at 65 C for 60 min and subsequently stained with 0.1 % crystal violet for 15 min at room temperature. Crystal violet solution was removed and the plates were rinsed by submersion in a container of tap water. Plates were then allowed to dry for 60 min at 35 C. After this, crystal violet from stained biofilms was re-solubilized in 200 µl of 33 % glacial acetic acid and absorption was measured at 620 nm.
Bacterial adherence and internalization to human epithelial cells Cellular interaction assays were performed using epithelial cells derived from human cervical carcinomata according to previously described protocols [18, 19] . Briefly, HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM), high glucose with L-glutamine (PAA Laboratories, Austria) supplemented with 100 µg ml À1 gentamicin and 12 µg ml À1 ciprofloxacin and 10 % heat-inactivated fetal bovine serum (FBS) in a CO 2 incubator. Cells were passaged at a ratio of 1 : 10 twice per week. HeLa cells were seeded in 24-well plates (Nunc, Roskilde, Denmark) with DMEM without antibiotic, at a density of 1Â10 5 cells per well 24 h prior to infection. Bacteria were harvested by centrifugation and cell density was adjusted in PBS to an OD 600 of 1.0. An m.o.i. of 50 was prepared in DMEM and 500 µl per well was used to infect the cells. The plates were centrifuged for 5 min at 1000 r.p.m. to synchronize infection and subsequently incubated for 90 min. The cells were washed with PBS three times, detached with 500 µl Accutase (Merck Millipore, Germany) per well (5 min, 37 C, 5 % CO 2 , 95 % humidity) and lysed by the addition of 12.5 µl of 10 % Tween 20 under identical conditions. Serial dilutions were made in pre-chilled 1Â PBS and plated on Columbia agar with 5 % sheep blood (Oxoid, Wesel, Germany) to determine the number of c.f.u.
For analysis of bacterial internalization, the cells were washed three times with PBS to remove planktonic and loosely attached bacteria. Subsequently, the cells were incubated for 2 h in DMEM (500 µl per well) containing 100 µg ml À1 gentamicin to kill remaining extracellular bacteria. After incubation, the cell layers were washed three times with PBS, detached by adding 500 µl Accutase per well (5 min, 37 C, 5 % CO 2 , 95 % humidity) and lysed by the addition of 12.5 µl of 10 % Tween 20 to liberate the intracellular bacteria. Serial dilutions of the inoculua and the lysates were plated out on Columbia agar with sheep blood (Oxoid, Wesel, Germany) to determine the number of c.f.u. The adhesion/invasion efficiency, as a percentage, was calculated by the ratio of bacteria used for infection (c.f.u. inoculum plate) and bacteria in the lysate (c.f.u. lysate plate) multiplied by 100.
Bacterial interaction with murine RAW 264.7 macrophages The macrophage interactions were analysed as described previously [20] . RAW 264.7 macrophages were cultivated in DMEM, high glucose with L-glutamine and sodium pyruvate (PAA Laboratories), supplemented with 120 mg penicillin ml
À1
, 120 mg streptomycin ml À1 and 10 % FBS. Before infection, RAW 264.7 cells were cultured for 24 h in antibiotic-free medium containing 10 % FBS for 24 h. Bacteria were harvested by centrifugation and cell density was adjusted in PBS to an OD 600 of 1.0. An m.o.i. of 25 was prepared in the respective medium and the cells were infected with the inoculum or left uninfected. The plates were centrifuged for 5 min at 500 r.p.m. to synchronize infection. After incubation for 30 min, the medium was aspirated and cells were treated first with medium containing 100 µg ml À1 gentamicin for 1 h. Culture media with a lower gentamicin concentration (10 µg ml
) were added and cells were incubated until they were lysed (1, 7 or 23 h). Supernatants were removed and cells were lysed with 500 µl of 0.1 % Triton X-100. Serial dilutions of the inoculum and the lysates were plated out on Columbia agar with sheep blood (Oxoid, Wesel, Germany) to determine the number of c.f.u. The intracellular viability was calculated by the ratio of bacteria used for infection (c.f.u. inoculum plate) and bacteria in the lysate (c.f.u. lysate plate) multiplied by 100.
C. elegans nematode infection model
The assays were performed as previously described, with some adaptations for C. diphtheriae, and analysed by the Kaplan-Meier survival method [18, 33, 49, 50] . Briefly, C. elegans N2 was maintained and synchronized on plates containing nematode growth medium (NGM) agar for approximately 4 to 7 days at 20 C and used in infection assays with C. diphtheriae strains. Twenty L4 stage larval worms were infected with 20 µl of each bacterial strain (OD 600 1.0) on NGM plates at 20 C for 24 h. The worms were assessed each day following infection, and the dead nematodes were counted and removed every 24 h. For each strain, approximately 60 nematodes were used in experiments. E. coli OP50 was used as a control in these experiments.
Statistical analysis
The experiments described above were conducted at least in triplicate (independent biological replicates), and statistical analyses were performed with the appropriate tests using GraphPad Prism 5.0 (GraphPad, USA); P<0.05 was considered significant.
Animal experiments using a mouse model Swiss Webster mice, SPF grade, male, 18 to 22 g, from CECAL-FIOCRUZ (Rio de Janeiro, Brazil) were used for the experiments and kept in a micro-isolator cage system. The study was performed in compliance with guidelines outlined in the International Guiding Principles for Biomedical Research Involving Animals as issued by the Council for the International Organizations of Medical Sciences, and with the Brazilian government's ethical guidelines for research involving animals (IBRAG Ethic Committee for Animal Experiments -CEUA/029/2015).
Development of osteomyelitis was analysed as described previously [8] . Mice were infected intravenously through the tail vein with 0.5 ml of bacterial suspension prepared in saline at an OD 570 of 0.2. Control mice were injected with 0.5 ml of saline. Mice were examined daily for 30 days by two independent observers to evaluate the presence of joint inflammation and scores for arthritis severity (macroscopy score). Time of onset, number of joints involved, incidence, duration of arthritis and occurrence of ankyloses and bone destruction were monitored. Arthritis was defined as visible erythema and/or swelling of at least one joint. Clinical severity of arthritis was graded on a scale of 0-3 for each paw, according to changes in erythema and swelling (0, no change; 1, mild swelling and/or erythema; 2, moderate swelling and erythema; 3, marked swelling, erythema and/or ankyloses). The arthritis index was constructed by dividing the total score (cumulative value for all paws) by the number of animals in each experimental group.
Histopathological studies
Histopathological analyses were based on methods described previously [8] . Briefly, mice were inoculated intravenously with C. diphtheriae wild-type strain NCTC13129 and the respective disrupted mutant RN or sterile saline as control. Mice were sacrificed after 30 days by anaesthetization with ketamine (50 mg kg
À1
) and xylazine (20 mg kg À1 ). Paws (one per mouse) were removed aseptically, fixed in 10 % v/v formalin for 24 h and then decalcified using 10 % EDTA in PBS (0.1 M, pH 7.2) for 7 days. Subsequently, the specimens were dehydrated, embedded in paraffin, sectioned at 5-7 µm and stained with haematoxylin and eosin. At this point the specimens were decalcified in 5 % trichloroacetic acid (v/v) for 7 days and then dehydrated, embedded in paraffin, sectioned at 3-4 µm and stained with haematoxylin and eosin. Joints (ankle and wrist) were examined for synovitis (defined as synovial membrane thickness of more than two cell layers), extent of infiltrate (presence of inflammatory cells in the subcutaneous and/or periarticular tissues), exudate (presence of inflammatory cells in the articular cavity), cartilage damage, bone erosion and loss of joint architecture.
RESULTS
Domain structure and function prediction of DIP2093 When bioinformatic analysis of DIP2093 was carried out, a marked similarity with the SdrD adhesin from Staphylococcus aureus was found. SdrD contains an N-terminal signal peptide followed by a putative ligand-binding A region, two to five B repeats (CnaB) and a sortase anchor motif. DIP2093 shows 42 % identity with SdrD, with a similar domain distribution, exhibiting an N-terminal signal peptide, a putative ligand-binding A region, two CnaB conserved domains and a sortase anchor motif (Fig. 1a) . Interestingly, the DIP2093 putative ligand-binding A region aligns, with 100 % identity, with collagen-binding proteins annotated in the genome of the strains C. diphtheriae c110, C. diphtheriae c517, C. diphtheriae TH1526 and C. diphtheriae 17 801 (Fig. 1b) . Additionally, DIP2093 homologous proteins were found in C. diphtheriae VA01 and C. diphtheriae HC02, which revealed strong similarity (100 % identity/76 % query cover and 98 % identity/100 % query cover, respectively). Phylogenetic analyses of DIP2093 showed high evolutionary conservation among C. diphtheriae, Corynebacterium ulcerans and Corynebacterium pseudotuberculosis strains (Fig. 1c) .
Influence of DIP2093 on C. diphtheriae binding properties to type I and IV collagen Collagen is a key component of the extracellular matrix surrounding eukaryotic cells and a typical target of MSCRAMMs. Based on the BLASTp alignment results and function of the annotated CnaB domain, collagen-binding assays were performed with type I collagen, which is the organic matrix molecule of mammalian bone and the most abundant type of collagen in the human body, and type IV collagen, which is the major structural component of the cell basement membrane [41, 51, 52] . Wild-type strain NCTC13129 showed clear binding to type I collagen and reached an absorbance of 1.64±0.11. In contrast, decreased collagen type I binding was observed for DIP2093 mutant RN with an absorbance of 1.10±0.07, supporting a role of DIP2093 in ECM protein binding (Fig. 2a) .
When binding to collagen type IV was tested, similar absorbance levels were measured for the wild-type strain (1.49 ±0.09) and the mutant strain (1.27±0.11), indicating that DIP2093 is not involved in binding to this protein (Fig. 2b) .
Influence of DIP2093 on interaction of C. diphtheriae with human epithelial cells For a more detailed analysis of DIP2093 function, adhesion to and invasion of human epithelial cells were tested (Fig. 3) . The wild-type strain NCTC13129 reached an adhesion rate of 9.44±1.1 % to HeLa cells, which is in the same range as binding to Detroit 562 cells reported previously [29] . In contrast, DIP2093 mutant RN showed significantly lower levels of adhesion to HeLa cells (1.46±0.2 %), indicating a role of the protein in host cell colonization. To support this idea, complementation experiments were carried out. DIP2093 expression vector pXMJ19-DIP2093 led to a partial complementation of the DIP2093 mutation and adhesion rates of 2.6±0.19 % were determined for RN pXMJ19-DIP2093, while adherence levels were not significantly changed when the mutant strain RN was transformed with empty pXMJ19 (1.65±0.22 %) (Fig. 3a) . As C. diphtheriae is able not only to bind to but also invade epithelial cells [53] , invasion rates were determined. For NCTC13129, rates of 0.006±0.001 % were found, which decreased to 0.001±0.0019 % in the case of DIP20193 mutant RN. Transformation of the mutant strain with empty plasmid pXMJ19 had no significant influence on invasion rates (0.0013±0.0002 %). In contrast, transformation with DIP2093 The evolutionary history was inferred using the neighbour-joining method. The bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary history of the taxa analysed (c). The bootstrap percentage (numbers close to each node on the tree) indicates the reliability of the cluster descending from that node.
expression plasmid pXMJ19-DIP2093 resulted in complementation of the chromosomal DIP2093 mutation and increased invasion rates (0.003±0.0003) (Fig. 3b) .
Influence of DIP2093 on the interaction of C. diphtheriae with murine macrophages Once inside the host, pathogens have to cope with the innate immune system. Therefore, the influence of DIP2093 on the interaction with macrophages was also tested. To avoid secondary effects of the diphtheria toxin encoded in the NCTC13129 genome, murine RAW 264.7 cells were used, which lack a toxin receptor. Intracellular viability rates of 0.48 ±0.08 , 0.073±0.017 and 0.003±0.0006 % were observed for wild-type strain NCTC13129 after 2, 8 and 24 h post-infection (p.i.), respectively. The disruption of dip2093 drastically reduced the number of viable bacterial cells already within macrophages at 2 h (0.054±0.001 %), followed by rates of 0.06 ±0.002 % at 8 h and 0.006±0.003 % at 24 h p.i.
Transformation of RN mutant strains with empty pXMJ19 had no influence on bacterial survival or replication within the macrophages, reaching rates of 0.08±0.03, 0.1±0.007 and 0.009±0.004 % after 2, 8 and 24 h p.i., respectively. However, transformation of mutant strains with pXMJ19-DIP2093 expression plasmid resulted in increased numbers of viable intracellular bacteria 2 h (0.36±0.006 %), 8 h (0.2±0.007 %) and 24 h (0.022±0.0014 %) p.i., which exceeded the wildtype survival rates (Fig. 4) . The DIP2093 protein clearly has a beneficial effect on the establishment of C. diphtheriae infection and survival within macrophages.
Bacterial interaction with C. elegans nematodes The cell culture experiments described above were extended by investigations of in vivo models. First, interaction with the nematode C. elegans was tested. Results of experiments performed with the C. elegans infection model indicated a high ability of colonization and killing of nematodes by C. diphtheriae wild-type strain NCTC13129. The death of 100 % of the nematodes was observed 5 days p.i. The DIP2093 mutant strain RN was less harmful to C. elegans. Even 7 days p.i., 30 % of nematodes remained alive. DIP2093 mutant strains showed enhanced nematode toxicity when carrying DIP2093 expression vector pXMJ19-DIP2093, while the empty vector control pXMJ19 had no significant influence, indicating successful complementation of DIP2093 (Fig. 5) .
Role of DIP2093 in arthritogenicity of C. diphtheriae In addition to the C. elegans invertebrate model system, the influence of DIP2093 adhesin on the ability of C. diphtheriae to cause haematogenic and bone infection was verified using mice as a mammalian model system. Clinical signs of arthritis were observed from 6 days p.i. in mice with wildtype strain NCTC13129. However, only after 21 days were clinical signs of arthritis noted for infected mice with RNdisrupted mutant strains. The data shown in Fig. 6 demonstrate a higher arthritogenic potential for the wild-type strain when compared to the respective RN mutant.
In Fig. 7(a-f) , micrographs of infected mouse joints confirm the clinical signs of arthritis and osteomyelitis due to C. diphtheriae infection. Fig. 7 (b, e) illustrates ankle and wrist histopathological features, respectively, of infected mice with wild-type strain NCTC13129, showing reduced cartilage, an extensive diffuse infiltrate in the subchondral bone, a tissue remodelling area (Fig. 7b) and extensive diffuse inflammatory infiltrate surrounding and penetrating the bone tissue (Fig. 7e) . Analysis of the carpal tissues of mice infected by DIP2093 mutant RN revealed membrane hyperplasia and articular cartilage reduction with destruction of subchondral bone (Fig. 7c) . The damage caused by the RN mutant was less severe compared to the wild-type strain (Fig. 7b) . No signs of infection were observed in the tarsus of RN-infected mice (Fig. 7f) . Control paws (carpus and tarsus) were free of symptoms (Fig. 7a, d ). 
DISCUSSION
Like many pathogens, C. diphtheriae is able to colonize human tissues or evade host immune mechanisms by exploiting extracellular matrix and/or plasma proteins [13, 18, 21, 34] . DIP2093 was characterized as a collagen-binding protein expressed by C. diphtheriae NCTC13129.
Analysis of DIP2093 putative adhesin by the BLASTp database demonstrated 100 % identity between its putative ligand-binding A region and collagen-binding proteins annotated in several strains of C. diphtheriae. When the alignment was performed between proteins from different species, a high match with SdrD proteins of S. aureus was observed. Cell surface SdrD adhesin plays an important role in the attachment of S. aureus to the ECM and in biofilm formation [54] . SdrD is able to bind calcium ions using its CnaB region bearing EF-hand Ca-binding sites, leading to conformational changes in the structure of SdrD. This alters the distance between the bacterial surface and the ECMinteracting domain of SdrD in a spring-like fashion, leading to a high bacterial adhesion force [54, 55] . Interestingly, type I collagen binding was not completely dependent on DIP2093, supporting the idea that different factors act as MSCRAMMs.
Previous studies have indicated DIP0733 to be a non-fimbrial multi-functional protein of C. diphtheriae with binding properties to extracellular matrix proteins such as fibronectin and type I collagen [18] . Similar to DIP0733, DIP2093 protein was also found mediating different interactions of C. diphtheriae with host cells. Adhesion and invasion assays revealed the crucial role of DIP2093 in the interaction with epithelial cells. In addition, intracellular survival within murine macrophages was dependent on the presence of DIP2093. Hirata et al. [5] studied various strains of C. diphtheriae due to its ability to enter and survive within HEp-2 cells, using gentamicin protection assays. Strain-specific differences related to internalization into HEp-2 cells were found, whereas no correlation between adhesion and invasion rates was observed [53] . As reported by Antunes et al. [18] and this study, DIP0733 and DIP2093 are involved in processes avoiding and/or delaying host defence mechanisms and in self-protection from extracellular ntimicrobials leading to efficient persistence, dissemination and infection of deep tissues. Moreover, the DIP2093 mutant strains showed reduced ability in host colonization and pathogenicity in a C. elegans and mouse model system. Regarding S. aureus [56] , Streptococcus agalactiae [57, 58] and other C. diphtheriae strains [6, 8] , infection of mice with C. diphtheriae wild-type strain NCTC13129 led to the development of articular lesions. The current findings demonstrated higher arthritogenic potential for the C. diphtheriae wild-type strain compared to the respective C. diphtheriae-disrupted mutant.
In summary data indicated that DIP2093 functions as a microbial surface component recognizing the adhesive matrix molecule (MSCRAMM) with an important multifunctional role in the host-pathogen interaction of C. diphtheriae.
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